INTRODUCTION
Recent taxonomic works on the true firs indicate that the genus Abies contains 39 species classified in 10 or 15 sections (Liu, 1971; Farjon and Rushforth, 1989) . Controversy about sections is due in part to past neglect of the genetics of the genus, and in particular the crossability relationships between species, which have been found to reflect the genetic status of individual species or whole groups of species.
In their work on Abies interspecific hybrids, Klaehn and Winieski (1962) listed 8 spontaneous hybrids in nature, 11 natural arboretum or plantation hybrids, 39 confirmed artificial hybrids and 15 putative artificial hybrids produced by controlled pollination. At that time even preliminary data on crossability relationships within the genus Abies had not been available. Experiments by those authors, which they discussed in that work, employed controlled pollination of 12 female and 13 male parent species of Mediterranean, Asian and North American firs. They showed that species of a given geographical region intercross more readily than species from different regions. Mediterranean species were shown to be especially prone to hybridize. Then Mergen et al. (1964) made 71 artificial pollination attempts using 10 species of Mediterranean, North American and Asian origin and found that it was easier to hybridize fir species from the same geographic region than from different regions. Artificial pollination experiments by Hawley and DeHayes (1985) supported that finding and showed genetic differentiation between species of the same geographic region belonging to different taxonomic sections. The North American species A. balsamea and A. lasiocarpa of sect. Balsameae intercrossed with each other but showed strong incompatibility with A. concolor of sect. Grandes. Crossing experiments by Critchfield (1988) . alba, A. cephalonica, A. cilicica, A. nordmanniana and A. numidica (Greguss,1988) . Besides these crosses, the author has suggested compatibility for the interhemispheric combinations A. homolepis × A. cilicica and A. nordmanniana × A. veitchii. There has been no attempt to validate these hybrids genetically or biochemically. The same applies to hybrids of A. procera with the North American species A. lasiocarpa and with the Asian fir A. sibirica (Mergen et al., 1964) . The only validated hybrids of A. procera are A. procera × A. magnifica and its reciprocal; owing to the big difference in number of cotyledons between the parental species, early verification of the hybrids was possible based on this trait of their seedlings (Silen et al., 1965) . Here we refer to the interspecific hybrid A. procera × A. holophylla as an additional interhemispheric cross whose validity was shown by cpDNA markers.
MATERIALS AND METHODS

ARTIFICIAL POLLINATION
Our controlled pollination experiment was performed in the Mlyòany Arboretum using two noble fir (Abies procera Rehd.) trees as mother plants and one Manchurian fir (A. holophylla Maxim.) and Caucasian fir [A. nordmanniana (Stev.) Spach] as males. The crossing variants attempted are listed in Table 1 . Pollen of A. holophylla was collected in a natural stand of the species in Korea and delivered to Slovakia on ice and kept in a deep-freeze (-82°C) for one year. Fresh pollen of A. nordmanniana and A. procera was used in A. procera × A. nordmanniana crossing and in the control (A. procera self-pollination) soon after its collection. Female strobili were isolated a few days before reaching receptivity at the beginning of May. Table 1 gives the number of isolated and artificially pollinated female strobili in the two mother A. procera trees together with the number of harvested mature cones. The isolators were removed after complete closure of the ovuliferous scales and bracts of pollinated megastrobili. Mature cones were harvested at the beginning of September followed by hand-extraction of seeds. The cones of a given crossing variant collected from both mother trees were pooled and processed separately according to the given variants. The quality of seed progeny, expressed separately for each crossing variant as the percentage of filled seeds, was judged according to the ÈSN 48 1211 Czechoslovak standard (number of filled seeds per 400 analyzed seeds). The seeds of all three attempted crossing variants were sown in the nursery in autumn of the same year as the cone harvest. A small portion of the hybrid seedlings raised the following year were used in DNA analysis.
HYBRID VERIFICATION
The hybrid nature of A. procera × A. holophylla was verified by PCR-RFLP analysis of chloroplast DNA (cpDNA) in the parental trees and the hybrid seedlings. Owing to the paternal mode of cpDNA inheritance in conifers, identical restriction profiles of pollinating tree and hybrid seedlings were taken as unequivocal evidence supporting the hybridity of the latter.
Total DNA was extracted from young needles of the parental A. procera trees growing in the Mlyòany Arboretum and from needles of the paternal A. holophylla tree growing in Korea using the CTAB method (Murray and Thompson, 1980) . A 10-seedling sample of A. procera × A. holophylla was used for DNA extraction soon after the seedlings protruded from the soil. The rbcL 1 -rbcL 2 region of cpDNA was PCR amplified using the primer pair 5'-TGTCAC-CAAAAACAGAGACT-3' and 5'-TTCCATACTTCA-CAAGCAGC-3' (Tsumura et al., 1995) . DNA amplification was performed at 94°C for 4 min followed by 35 cycles of 93°C for 1 min, 56°C for 1 min and 72°C for 2 min. The last strand elongation at 72°C was allowed an additional 10 min. The obtained PCR products were digested with the restriction enzyme Vsp I, which has been found to discriminate cpDNA of A. procera from that of A. holophylla (Kormut' ák et al. 2004 ). The generated fragments were separated electrophoretically using 2% agarose gels with EtBr and 1x TBE buffer, pH 8.0.
HISTOLOGICAL ANALYSIS
Ovules of individual crossings were analyzed in permanent cytological preparations through the course of their development. The ovules were collected at TABLE 1. Crossings performed in this experiment 6-10-day intervals starting two weeks after pollination. Following fixation in Navashin fixative (Nìmec, 1962) and subsequent processing, longitudinal sections of the ovules were embedded in Canada balsam and examined microscopically.
RESULTS AND DISCUSSION
Of the two interspecific crossings attempted, only A. procera × A. holophylla proved compatible. The crossing yielded 14% filled seeds as compared with 9.5% filled seeds obtained from the self-pollinated control. A. procera × A. nordmanniana failed completely, producing only hollow seeds (Tab. 1). It is not certain whether the lower share of filled seeds in the control was due to the inbred nature of seed progeny or rather reflects reduced fecundity of A. procera. Mergen et al. (1964) reported 7% germinable seeds from controlled outcrossing of it. Crossability of A. procera with other species has been shown. In the intrasectional cross A. procera × A. magnifica and its reciprocal, Silen et al. (1965) demonstrated high hybridological affinity between these species of North America. Using four maternal trees they obtained 39% germinable seeds per cone in A. procera × A. magnifica, and 45% in the reciprocal cross with the same parental trees. Another hybrid of A. procera with a North American species, A. procera × A. lasiocarpa, was intersectional (sect. Nobiles, sect. Balsameae); the cross yielded only 0.2% filled seeds (Mergen et al., 1964) .
In light of these results, the A. procera × A. holophylla cross can be considered a success. The relatively low amount of sound seeds, only 14%, probably is due to the intersectional nature of the cross involving the North American species A. procera of sect. Nobiles and the Asian species A. holophylla of sect. Homolepides (Liu, 1971) . According to Hawley and DeHayes (1985) and Critchfield (1988) , intersectional hybrids of North American firs yielded a lower percentage of viable seeds than crosses of species belonging to the same section. Silen et al. (1965) successfully used cotyledon number for early identification of A. procera × A. magnifica seedlings. We used the species-specific rbcL 1 -rbcL 2 /Vsp I restriction profiles of cpDNA instead to validate the hybridity of A. procera × A. holophylla cross. The absence of a restriction site in the A. procera PCR product contrasted with the presence of such a site in the PCR product of the male A. holophylla. An intact 1400 bp PCR product was detected electrophoretically in A. procera after digestion, as were two cpDNA restriction fragments (750 bp, 650 bp) in A. holophylla. Two restriction fragments of the same size as in A. holophylla were shared by the A. procera × A. holophylla seedlings; we take this as reliable proof of their hybridity (Fig. 1) .
In contrast to the DNA hybridity proof given above, cytological evidence supports our earlier conclusions that a prezygotic hybridological barrier exists between the Mediterranean and North American firs (Kormut'ák, 1985 (Kormut'ák, , 2004 . In the selfpollinated A. procera control we recorded young and more advanced embryos at the end of June and beginning of July; in A. procera × A. nordmanniana we detected aborted archegonia instead (Fig. 2) . During the normal course of embryo development the archegonia are commonly observed to disintegrate; the presence of a darkly stained dead archegonia jacket surrounding the archegonia indicates their abortion due to the failure of egg cell fertilization (Owens and Molder, 1977) .
The compatibility between the North American species A. procera and Asian A. holophylla, together with the reproductive isolation of A. procera from the Mediterranean A. nordmanniana, support Mergen et al. 's (1964) conclusion that North American species are more compatible with Asian than with European firs. Abies species originated from ancient Katazia, a region corresponding to modern-day central China and northern India (Krylov et al., 1986) . Apparently the spread of firs via the Bering Strait along the Pacific coast of North America during their evolution was not accompanied by such profound differentiation as in the Mediterranean species, which deviated from the Asian firs during their migration from the site of origin. The European firs were under much stronger selective pressure than those in North America, as evidenced by the deep differentiation of A. alba during its migration from refugia in southern Italy and Greece and/or from a refugial area in the Pyrenees (Terhürne-Berson et al., 2004) . Migrating a longer distance from the origin, A. nordmanniana evidently diverged more from the North American firs than A. holophylla did. The exceptions to the established hybridological pattern within the genus Abies may be deemed to reflect the evolutionary history of individual species. We should expect more exceptions of this kind to be found when other combinations are attempted.
